Introduction
Current analyses of the global carbon budget indicate that the terrestrial biosphere is presently a significant net that much of their area was glaciated 14 000 years ago, these forests must have been a net sink for carbon over the past several millennia (Billings 1987) . However, Oechel et al (1993) report that the tundra on North Slope of Alaska is currently a source of carbon to the atmosphere, and suggest that this is due to recent climatic warming, which has increased active (thaw) layer thicknesses and enhanced regional drainage, lowering soil moisture contents and thus enhancing soil respiration. Projections for changes in the carbon balance of high latitude terrestrial ecosystems due to climate change are uncertain because of the interacting effects of temperature, moisture, and elevated COT on productivity, decomposition, and nutrient cycling (e.g. Oechel & Billings 1992) . (Questions about the carbon balance of the boreal forest and its sensitivity to climate have motivated a large, international field campaign in the Canadian boreal forest in 1994 (Sellers et al 1991; Sellers et al 1995) , The 1994 BOREAS (Boreal Ecosystem Atmosphere Study) campaign has generated a rich data set of biosphereatmosphere exchange fluxes (carbon, water, energy) and ecological and hydrological properties for several characteristic boreal ecosystems (mature black spruce, mature jack pine, young jack pine, mature aspen, fen, and beaver pond).
Forests with a black spruce {Picea mariana) tree canopy and significant (near 100%) bryophyte ground vegetation cover of mosses (generally Pleurozium schreberi, Hylocomimn splendeus, or Sphagtium spp.) are a major component of the global boreal forest {Larsen 1980). Earlier field work in Alaskan black spruce stands showed that the productivity of the ground-cover moss vegetation was comparable to that of the black spruce (e.g. Van Cleve et al 1983; Oechel & Van Cleve 1986) , and that soil climate (temperature and moisture) exerted a significant influence on ecosystem dynamics (e.g. Van Cleve & Yarie 1986) . Process-level modeling of boreal ecosystem carbon dynamics by Bonan (1991a Bonan ( , 1992 Bonan ( , 1993 stressed the importance of soil temperature controls on ecosystem productivity, incorporated the role of the moss layer, and illustrated some of the seasonal dynamics of net ecosystem productivity. The model presented here has a similar structure to Bonan's daily time-step boreal forest model (Bonan 1991a (Bonan , 1991b (Bonan , 1993 , but with different algorithms for the model processes, and with an independent data set to test model performance. Other process-level models applied to the boreal forest, such as FOREST-BGC/BIOME-BGC (Running & Coughlan 1988; Hunt & Rurming 1992) and the Frankfurt Biosphere Model (e.g. Ludeke et al 1995) , have not addressed the role of moss in the ecosystem carbon balance.
In anticipation of the field data from the BOREAS campaign, we developed a daily time-step, ecosystem carbon balance model of spruce / moss boreal ecosystems.
This model was developed using data and insights from previous field work in other boreal regions (see Tables 2,  3 and 5), building upon earlier ecosystem modeling work of Aber & Federer (1992) and Frolking & Crill (1994) . The goal was to develop a model independent ot BOREAS measurements, which could then be tested against BOREAS data. Such a model can then address questions that are difficult and / or expensive to address experimentally (e.g. interannual variability in ecosystem productivity), and, through its results, can pose questions for future field studies (e.g. partitioning of total soil respiration into decomposition, root respiration, and moss respiration; dominant controls on seasonal and interannual variability in ecosystem productivity).
The model consisted of four components: (i) soil climate, which exerts controls on the dynamics of ecosystem productivity and respiration; (ii) tree photosynthesis and respiration; (iii) moss photosynthesis and respiration; and (iv) litter decomposition and associated heterotrophic respiration. The soil climate component of the model was based on the peatland soil climate model of Frolking & Crill (1994) . The tree canopy component of the model carbon balance was a daily time-step version of the PnET model (Aber & Federer 1992; Aber et al 1996) . A similar photosynthesis and respiration model was developed for the moss, based on published physiological behaviour of feathermosses. The decomposition component determined heterotrophic respiration as a function of litter age and soil temperature and moisture. The model operated on a daily time-step and considered only short-term simulations. It ignored features of the forest carbon balance that are important in longer scenarios (e.g. wood growth and storage, limb turnover, tree mortality, changing nutrient constraints on productivity, fire). The model simulated tree gross and net photosynthesis, wood respiration, live root respiratiort, moss gross and net photosynthesis, heterotrophic respiration (decomposition of root litter, young needle and moss litter, and humus). These values were combined to generate predictions of tota! site net ecosystem exchange of carbon (NEE), total soil dark respiration (live roots + heterotrophs + live moss), spruce and moss net productivity, and net carbon accumulation in the soil.
Model results were compared with BOREAS field measurements from a black spruce/moss stand near Thompson, Manitoba. These independent data sets tested model performance in soil temperature and moisture profile dynamics, soil respiration, and net ecosystem carbon exchange. Model validation with independent data is an essential component of ecosystem modeling; the degree of success a model has in capturing observed behaviours has several implications: (i) it can illuminate model deficiencies, such as neglected ecosystem components or processes, and/or poorly functioning algorithms; (ii) it can address the issue of generalizability of ecophysiological parameterizations across broad landscapes, such as the global boreal forest; (iii) it can point to areas where field data (for parameterization or validation) are insufficient; and (iv) it will influence how much confidence should be put in model extrapolations (into the past or future).
Model description

Soil profile
In this discussion, the soil comprises the ground bryophyte vegetation (live moss), the litter/peat layer (no mineral soil content) below this ground vegetation, and the underlying mineral soil; the 'soil' surface is the top of the live moss. The model was one-dimensional (vertical) and considered the soil as a collection of layers. The live (green) moss layer was fixed at 3 cm thick. Below this was a layer of relatively undecomposed litter (here called the 'litter' layer). Litter layer mass and thickness were determined by the decomposability of the litter and the average annual litterfall rate (details below) and an assigned bulk density (0.075 g cm"^). Below this was a humus/peat layer, consisting of well-decomposed and slowly decomposing older litter (here called the 'humus' layer). Humus layer mass and thickness were determined by the difference between the site's total organic layer mass (see Table 1 ) and the masses of the live moss and litter layers, and an assigned bulk density (0.1 g cm"-*). Below these organic layers was the mineral soil, which was divided into several layers in the soil climate submodel. In the model, organic matter input to the mineral soil was by spruce fine root turnover only.
Soil climate
Inputs
The model was driven by daily weather data and generated daily profiles of temperature, water content, and ice content in the soil column (to 1.6 m in the mineral soil). Ideally, the input data set would include daily maximum and minimum air temperatures, daily total precipitation, daily mean relative humidity (rh), and daylight average photosynthetically active radiation (PAR) intensity (rh and PAR are used for calculating photosynthesis). The minimum data set needed was maximum and minimum air temperatures and total precipitation. Daytime, nighttime, and daily average temperatures were calculated aŝ
If relative humidity data were available, daily vapour pressure deficit (VPD) was calculated as the saturation vapor pressure at Tj^u times one minus the relative humidity; otherwise VPD was the difference between saturated vapor pressures at T./^u and T^jt,. For the site modelled in this paper, PAR data were collected throughout most of the 1994 BOREAS campaign. Simulations of other years used a synthetic PAR field generated from the observed (1994) relationship between PAR (in |iE m"^ s"') and diurnal temperature range (AT = T^^^ m in) for days with T^^^^^ greater than O^C (Fig, la) . On days with T^^x l^ss than O'C (which are likely to be photosynthetically inactive), PAR was determined by a sinusoidal fit to the 1994 cold season minimum observed PAR data augmented by a diumal temperature range factor (Fig. lb) 
Heat
Soil temperature was modelled in one (vertical) dimension by standard soil physics methods (e.g. Campbell 1985) . Daily mean air temperature was applied at the soil or snowpack surface, and a finite difference approach was used to calculate heat diffusion in the soil. Although the moss surface can get much warmer than the air temperature (e.g. Proctor 1982) , this happens only if the moss is quite dry (with little or no evaporative cooling) and exposed to direct sunlight. The surface can then get hot (== 40-50°C) because the moss has low thermal mass and low thermal conductivity, both due to low water content. These thermal properties also imply that little heat energy is actually stored in the moss, and that little effect will be felt deeper in the organic horizon where the water content is generally higher. Therefore, ignoring this heating above air temperature should cause only a small error in the overall soil climate. Freezing and thawing were calculated using the apparent heat capacity method (e.g, Lunardini 1981 ); the percentage of soil water that was frozen increased linearly from 0% at 0°C to 100% at -1°C, Soil thermal properties were a function of bulk density, organic matter content, and liquid and frozen water content. A more complete discussion of the methodology is given in Frolking & Crill (1994) . See Table 2 for thermal and hydraulic parameters.
Water
Liquid water inputs to the soil were rain {after interception loss to the tree canopy) and snowmelt. Water losses from the soil were transpiration by trees, evaporation of water intercepted by the moss, litter, and humus layers, run-off from a saturated or frozen soil profile, and drainage from the bottom of the modelled profile. 
where LAI and SAI were area indices of leaves and stems. All intercepted rainfall was assumed to be lost as evaporation. Intercepted snow was assumed to be lost to sublimation at 20% per day.
Transpiration Daily transpiration was calculated by multiplying daily net spruce photosynthesis by its water-use efficiency (Aber & Federer 1992) . Transpiration water loss was distributed in the litter, humus, and mineral soil layers based on the tree root distribution and water availability. Root distribution was prescribed as 80% in the litter and humus horizons (split in proportion to respective layer thicknesses) and 20% in the top 10 cm of the mineral soil (Tryon & Chapin 1983) . Water availability to tree roots for transpiration in each layer was reduced by the layer's fractional ice content.
Moss/Orgatiic Horizon Water Dynamics
Mosses and peats have very low bulk densities, very high porosities, and very high water-holding capacities (e.g. Boelter & Verry 1978 ). In the model, each organic layer (living moss, litter, and humus) was given four key water contents (minimum, moderate, field capacity, and saturation, see Table 2 ). At the minimum water content all water loss stopped; when the water content in a layer rose above the moderate water content, additional water inputs were split between that layer and the layer below (i.e. partial drainage upon wetting); water content above the field capacity was immediately drained to lower layers or the mineral soil, unless underlying layers were frozen, under which condition a layer's water content could rise toward saturation. All water added that would raise the water content above saturation was immediately lost as runoff/ drainage. There was no mechanism for upward water movement in the soil, nor for horizontal inflow. As mosses are not vascular plants, they lose water only by evaporation. Field studies have shown that, in boreal forests, mosses wetted by a storm usually remain wet only for a few days to a week (Busby & Whitfield 1978; Skre et al. 1983) . Evaporation water loss from moss, litter, and humus layers was modeled as an exponential decay of layer water content from its value at the end of the storm to its minimum water content value
where WQ is the water content at the end of the storm, t is the time in days since the rainy day, lag is a delay before drying begins (days), and t is a characteristic drying time of the layer (days), adjusted for time of year as
where To is the drying time in mid-summer (parameter values in Table 2 ). If there was a snow cover {greater than 1 cm) no evaporation occurred from the moss, litter, or humus layers. In addition, the litter and humus layers lost water from transpiration via tree roots. Total loss from transpiration plus evaporation was limited to the daily potential evapotranspiration as calculated with the Thomthwaite equation (Dunne & Leopold 1978) , but could be less if constrained by water availability.
Mineral soil water dynamics Since the site to be modeled had a very high ground coverage of moss and a thick surface organic horizon (27 cm), evaporation from the mineral soil was probably negligible. Water flow in the mineral soil was modelled as gravity drainage only. Flow rates, Q, from one layer to the next lower layer were given by^ (7) where kj and k, are the hydraulic conductivities of each layer, calculated as a function of soil texture and water content (Federer 1995) , Drainage from the bottom of the profile equaled the hydraulic conductivity of the lowest layer. If the soil was partly to completely frozen, the hydraulic conductivity lowered with the fractional ice content
where k, is the hydraulic conductivity with no ice present, and ice, is the layer's fractional ice content. The mineral soil also lost water via transpiration in the zone where roots were present (0-10 cm). See Table 2 for hydraulic parameters.
Snowpack dynamics
The model kept track of the snowpack water content by simple water balance (change equaled daily snowfall minus daily snow melt). The snowpack density was a function of time of year, rising from 0.1 g cm"^ in the early winter to 0,3 g cm"-^ by spring, following data summarized in Dingman (1994) . Snow melt was a function of daylength (as a proxy for time of year and radiation loading) and a melt temperature, T,,,,./, (Dingman 1994) , It occurred whenever the maximum daily air temperature was greater than 0°C. The melt temperature was equal to the mean daily air temperature if it was greater than 0.5°C, otherwise it was set at 0,5°C. Snow melt (centimeters per day) was then given as (Dingman 1994) /, (9) where dl is the fractional daylight length (12 hours -1.0). The snowpack could hold liquid water up to 6% of its snow void volume (snow density divided by snow depth). Melt or rainwater greater than this amount drained into the underlying organic layer (Dingman 1994) , unless that layer was frozen or saturated.
Tree photosynthesis and respiration
Canopy plwtosynthesis
The carbon and water balances of the tree canopy were calculated following a daily time step version of the PnET model (Aber & Federer 1992; Aber cf at. 1996) . Briefly, given a prescribed potential photosynthesis, actual photosynthesis was calculated as the potential value modified by air temperature, light, VPD, and soil water availability factors (see Fig. 2a-d ). Canopy transpiration equalled total canopy photosynthesis times spruce water-use efficiency (a function of VPD). Maximum canopy biomass was an input parameter. The timing of needle growth was determined by the accumulated growing degree days (Table 3) , Senescence and needle drop were allowed after a specified date, when needles were dropped that could not maintain a positive carbon balance. Annual needle loss was set at 1L6% of needle biomass (Hom & Oechel 1983) .
For this version of the PnET model (black spruce ordy), the maximum photosynthetic rate was set to 18,9 nmol CO2 g"' s ' (Hom & Oechel 1983) , Maximum foliar biomass was set at 444 g m"^. Needle retention times of 10 or more years are not uncommon in black spruce (Hom & Oechel 1983) . As the needles age, their capacity for photosynthesis declines to about half the fresh needle value after 10 years; during the same period needle nitrogen content drops to about 75% of its initial value (Hom & Oechel 1983) . Data on needle photosynthetic capacity, nitrogen content, and age class distribution (Hom & Oechel 1983) were used to determine a canopyaveraged, needle-age factor of 0.855 for photosynthesis and 0.945 for respiration (see Table 4 ),
Tree respiration
Leaf respiration was calculated as in the daily timestep version of PnET Respiration was a function of air temperature (day and night), leaf biomass, and a base respiration rate, set to 10% of maximum net photosynthesis rate at the optimal temperature for photosynthesis (15°C for spruce) (Aber & Federer 1992) . Root respiration, Rri NTf '^^^ calculated as a function of root carbon content per unit ground area in moles C per square metre, Cro,,t, root C:N, and root (soil) temperature (Ryan 1991) 0.0106 QlO.r •oot
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(10) with a Qu, value of 1,8 (Ryan 1991) . Note that (10) gives the root respiration value in mol CO2 h"' m"-. Woody tissue respiration was calculated as a function of sapwood volume per unit ground area, S,, and air temperature (Ryan et al 1995) (11) 10 with a Qu, value of 1.7 (Ryan et al 1995) . Note that (11) gives the sapwood respiration value in ^mol CO2 s"' m'^. Root biomass and sapwood volume were sitespecific input parameters, and were considered constant throughout each simulation (Table 3) .
Moss photosynthesis and respiration
Light extinction and photosynthesizing depth
Light intensity attenuates as it moves down into a moss canopy, following a simple Beer's Law exponential decay (Skre et al 1983; Longton 1988) (12) where /o is the light intensity at the moss surface, p;, is the moss bulk density (33.3 kg m""'), z is depth into the moss canopy (m), and k is the light extinction coefficient (2.8 m-kg-'). At 0,03 m depth into feathermoss, (12) reduces light intensity to 6.1% of its value at the surface of the moss. This was chosen as the live, green (photosynthesizing) canopy depth each spring.
Photosynthesis and respiration
Moss photosynthesis was calculated daily as a maximum rate (1.0 mg CO2 g'' h"'), reduced by light availability and model-generated temperature and moisture conditions (see Fig. 2a ,b,e and Table 3) , and multiplied by daylength. The green moss 'canopy' was considered to have a uniform moisture content, and a linear temperature gradient from the air temperature at the surface (when not snow covered) to the modelled temperature at the bottom of the live moss. Moss temperatures can get much higher than the local air temperature if they are dry and exposed to the sun (Proctor 1982) . However, when mosses are dry, both photosynthesis and respiration are very low (e.g. Proctor 1982) , so the temperature effects will have little influence on the carbon balance (unless conditions become lethal due Tables 2, 3 and 5 and in Aber and Federer (1992) . Tables 2,  3 and 5 also report overall model sensitivity to the parameters, (a) Air temperature effect on spruce photosynthesis (solid line) and moss temperature effect on moss photosynthesis at the beginning {long dashes) and the end of the growing season (short dashes). The optimal temperature for moss photosynthesis increased at a constant rate throughout the growing season, (b) Photosynthetically active radiation (PAR) influence on photosynthesis for spruce (solid line) and moss (dashed line), (c) Effect of soil water content on spruce photosynthesis; curve shape is identical for all layers with roots (litter, humus, and 0-10 cm mineral soil) but water-filled pore space (Writ's) values shown in plot are for the litter layer, (d) Effect of vapour pressure deficit (VPD) on spruce photosynthesis, (e) Effect of moss water content on moss photosynthesis (solid line) and metabolic respiration (dashed line), (f) Effect of air temperature spruce respiration (dashed line) and moss temperature on moss respiration (solid line), (g) Effect of soil water content on decomposition, (h) Effect of soil temperature on litter decomposition (solid line) and generic exponential dependence (Qio) model (dashed line).
to extended drought and heat -this was not modelled). Respiration was calculated for the day and night separately, with the moss surface temperature set to 7"rfdy or T,,/^/,, (Eq. 1), again with a base rate (0.175 mg CO2 g"' h"^), modified by model generated temperature and moisture conditions (see Fig. 2e ,f and Table 3) , and multiplied by day and night lengths. Both photosynthesis and respiration were calculated per urut weight for 10 layers down the moss canopy, adjusting light intensity and temperature with each step. Moss photosynthesis under the snowpack was possible if moss temperatures and light levels permitted. Light attenuation in the snowpack was modeled as exponential decay, falling to 37% (f^) at 10 cm {Longton 1988), Snow covered moss also respired if the moss was warmer than -VC.
Photosynthesis and respiration rates have been observed to decline with age or depth in the green moss profile (Oechel & Van Cleve 1986) , This was modeled as full rates for the top 1/3 of the live moss canopy, 75% rates for the middle third, and 50% rates for the bottom third.
Decomposition and soil respiration
Litter inputs
Black spruce needle Utter was considered to fall through the live moss layer to the top of the litter layer and 1. Parameters raised and lowered 20%, Value is average magnitude of change (%) in total ecosystem NEE for the two sensitivity runs. 2, Only values different Aber & Federer 1992, 3 , Sensitivity to 20% change in initial optimum (LS'Cj/temperatiire increase {5°C), 4, Parameter raised and lowered l''C. Hom & Oechel (1983) .
•^Based on data in Hom & Oechel (1983) . ^Cohort effective A^.^^ = (cohort iractiona! mass) X (cohort relative An,^,^), ^Cohort effective Respiration = (cohort fractional mass) X (cohort relative N content).
joined the year's moss litter as an annual litter cohort. Since live (green) moss depth was fixed, moss 'litterfall' was equal to net biomass accumulation over the growing season (if positive, otherwise moss litter was zero). Root litter inputs were distributed in depth based on the prescribed root distribution and root biomass turnover rates. Live fine root turnover was fixed at 25% per year. Fine root litter mass was initialized at 166 g C m"^-this put it in steady state with the prescribed input of 25 g C m"~ and an average annual mass loss rate of 15% (Berg et ai. 1993) . All litterfall occurred in the autimn.
Decomposition
A number of studies of long-term litter decomposition have shown that the fractional mass loss rate tends to decline as the Utter ages (e.g. Swift et al 1979) . This could be due to early, rapid loss of more soluble components of the litter and/or to gradual changes in the litter composition (e.g. nutrient, cellulose, or lignin content) and hence decomposability (e,g. Swift et al 1979) . For several high-latitude species (Calluua stems and shoots, Eriophorum leaves, and Rubus leaves) Heal et al (1978) found that the litter respiration rate (decomposition) declined linearly with the accumulated fractional mass loss, m*.
where mo is initial mass of the litter, and m is the current litter mass. The litter respiration rate, R (in (il O2 g"' h"'), was roughly given by R{t)
where RQ is the initial rate, a is a parameter (== 1.0 in their data). For decomposition in high latitude ecosystems, Bunnell et al (1977) estimate that respiration accounts for almost all litter mass loss. Assuming it is the only mode of mass loss gives
For a -0 (straight exponential decay) and a -1.0, there are simple solutions to (15) 
"-a
If a is greater than 1.0, the accumulated mass loss will approach an asymptote less than 100% (Berg & Ekbohm 1991) , given by
The difference between the behaviours of the simple decay (a = 0) and the other solutions becomes more significant after some time has elapsed (as the fractional mass loss increases). This study used a -1 (decomposition parameters listed in Table 5 ).
As cohorts age their fractional mass loss rate declines, as does their remaining mass. The product of these is the total mass loss (respiration) rate. When this fractional mass loss rate declined to 2.5% of the initial rate, the remaining cohort mass was transferred to a single humus pool, which then decayed exponentially (i.e., ay,,,,,,,,, ^ 0) at this final rate (as modified by soil climatic conditions; see Fig. 2 g,h) . The transfer time was determined by the rate chosen for humus decomposition and the initial mass loss rate as (for a = 1)
If the litter were continuously exposed to normal surface climatic conditions and Ro was equal to 0,15, the transfer occurred when 84% of the initial mass has been lost, after 34 years. For a -0 and RQ = 0,15, respiration would decrease to 2.5% of the initial rate after 97.5% of the initial mass had been lost, 25 years after litterfall. Berg et al. (1993) showed that, for a variety of sites, first year mass loss of needle litter is well correlated with annual actual evapotranspiration (AET), Using all of their data, or using their division into two subsets (Mediterranean, Central European, and North American sites; European sites exposed to Atlantic climate), both linear and exponential fits gave roughly equivalent correlations. First year mass loss rates for the six possible regressions and an AET of 325 mm y"^ (appropriate for BOREAS sites) ranged from 12 to 20%. This study used 15%, which was consistent with boreal litter decomposition studies of Sparrow et al (1992) , Hogg (1993) , Hogg et al (1992) , Fyles & McGill (1987) , Moore (1984) , and Berg (1984) , Soil climate effects Since the model calculated a daily profile of temperature (T) and moisture (W) within the litter/peat/mineral soil, the model used a base daily decomposition rate (DRQ) that was then modified by the daily soil climate conditions of each cohort, given generally as
where/[(W) is the moisture effect (Fig. 2g) and f2{T) is the temperature effect (Fig. 2h) . DRQ was determined by using long term mean daily weather data for the site, running the soil climate submodel to determine the temperature and water content of the top of the litter layer (first year cohort), finding the annual total of R(T,W) by summing (20) over the year, and then normalizing it to the annual mass loss value Rohad to be specified. When this was done, each cohort's current mass loss rate was given by (15). The model assumed that the titter (needle -i-moss) deposition rate, mo, had been constant at an average value for all past years, and that the mass loss rate had been at the mean value, Ro, each year. Each litter cohort then had a mass given by (16), and the total litter mass (all cohorts younger than the transfer time), M(t_^), was given by
The remaining mass of the organic horizon (total mass was an input parameter) was placed in the humus pool.
(20)
Root litter decomposition
Fine root litter (fixed at 25% of total fine root biomass each year) was deposited into the soil profile in accord with root biomass distribution. Because each annual root litter cohort was distributed in space (from the top of the litter layer down into the mineral soil) it experienced a range of soil climatic conditions. Thus all root litter decomposition was modelled, like humus, as a single exponentially decaying pool (i.e, a = 0.0 in Eq, 15), with an annual rate equal to that of fresh needle and moss litter {RQ), modified by the temperature and moisture conditions at each level in the soil profile. 
DR^, was roughly equal to 0.5% of RQ. The actual daily respiration (and mass loss) rate for cohort / (or the humus layer) was then determined by the daily soil climate conditions as (23)
Initializing the profile
To initialize the decomposition state of the litter/humus profile, the mass and fractional mass lost of each cohort
Model validation
Model results were compared to field data from the 1994 BOREAS field campaign, and against data reported in the literature. The field site used for model testing was the Old Black Spruce site in the BOREAS Northem Study Area (NSA-OBS), near Thompson, Marutoba (55''52'N, 98°29'W). The site was a level stand of 7S-90-y-old, 10 m-tall black spruce trees {Picea mariana), with a nearly complete groundcover of mosses, predominantly Pleurozium schreberi (a feathermoss) and Sphagnum spp. A number of groups undertook field studies at the NSA-OBS site in 1994. A nearly complete meteorological record for 1994 was collected nearby by the Saskatchewan Research Council (SRC). An eddy correlation tlux tower and soil temperature probes were operated by a group from Harvard University. Soil temperature and static chamber soil CO2 flux measurements were made independently by groups from the US Geological Survey (USGS; Winston et al 1995), McGill University, and the University of New Hampshire (UNH). Organic horizon water contents were measured gravimetrically by a group from the University of Toronto, A group from the University of Wisconsin measured aboveground tree and leaf biomass. Field data presented here are preliminary data; the data have been checked by the field research groups, but do not represent their final analysis, nor does this work represent the complete scope of any field group's work on the BOREAS project.
Weather data A 1994 daily (midnight-midnight) weather input file (T^^y, T^iw precipitation, PAR, relative humidity) was generated from the 15 minute averages collected and reported by the SRC meteorological station at Nelson House (about 9 km to the northwest of NSA-OBS), There were no data for January 1994, so temperature data came from a Canadian Atmospheric Environment Service (AES) met station at Flin Flon (about 250 km to the southwest; although temperatures were undoubtedly different at Flin Flon, model sensitivity runs showed a 0.4% decrease in annual NEE for a 3.5°C increase in air temperature for all of January and February, and a 1.5% increase in annual NEE for a 3.5°C decrease in air temperature for all of January and February); precipitation data came from January 1985, collected by AES at the Thompson airport (about 40 km to the east; Jan. 1985 precipitation was near the January mean for 1980-1989 at that site). Other missing data were filled in as follows: 1994 SRC Thompson (airport) station precipitation data were substituted for missing data for 1 February through 19 March and 1-19 November; 20-21 November precipitation were set to zero; January PAR values were determined with Equation 2. The model was then run for 4 -t-consecutive '1994's, starting in mid-October. This means that model Jan. 1994 conditions were influenced by OctoberDecember 1994 weather, rather than October -December 1993. Results reported are for the final 1994 simulated, though the model was quite stable. In year one of the simulation, soil respiration was about 10% higher than subsequent '1994s', implying a slight over-initialization of the litter cohort masses.
Site initialization
The model site was a black spruce/moss forest. The organic horizon mass was set at 24.0 kg m"( 27.1 cm thick); it was separated into 1,0 kg m •^ of green moss (3 cm thick); 0,2 kg m -of live fine roots and 0,33 kg m"^ of fine root litter, 1.72 kg m"-of needle and moss litter (34 annual cohorts, with masses declining from 0.14 to 0.025 kg m"-; total thickness -2.6 cm), and 20.9 kg m""-of humus (21.1 cm thick). Litter and humus masses were calculated with (24). The underlying mineral soil was a clay. In the top 10 cm of the mineral soil, the model was initialized at 0.05 kg m"^ of live fine roots and 0.083 kg m'^ of fine root litter. Sapwood volume was 0.0088 m^ m"^; maximum needle biomass was 0,444 kg
Soil climate results
Soil temperatures were compared to the daily average of high-frequency data collected at five depths near the eddy-correlation flux tower, and to mid-day measurements made by the chamber flux groups at one to several week intervals for two or three soil depths (Fig. 3) . Model temperatures at 5, 10, and 20 cm were generally cooler than observed by the Harvard tower group, much cooler than observed by the UNH chamber flux group, but warmer than observed by the McGill chamber flux group. These differences were most pronounced in May and June, and tended to diminish in late summer. The three temperature trajectories observed by the three groups (see 10 and 20 cm results in Fig. 3 ) probably span the range of behaviours that occurred at NSA-OBS, from cold (and wet) in the McGill group observations to warm (and dry) in the UNH group observations. Also, McGill and UNH measurements were mid-day values, while the tower and model numbers are daily averages. Model results were toward the cooler end of this spectrum. Heal transfer in the model soil profile is predominantly by conduction (heat convection was only considered in association with the flow of liquid water into frozen soil) so discrepancies in soil temperatures imply that model thermal diffusivities were off in the surface layers, or that other heat transfer processes were important.
Model temperatures at 5 and 10 cm were generally warmer than the tower data during Days 270-290 but were in close agreement once the snowpack formed (Day 305). During February, model temperatures were colder at 5, 10, and 20 cm than observed by the Harvard group, but warmer than observed by the USGS group (Winston et al. 1995) . Sensitivity runs with soils held at saturation and wilting point showed the dry soils to be about 10-15°C cooler than the wet soils during the winter months, and 0-5 °C cooler in the summer months, but with an earlier and more rapid thaw. Differences in winter soil water content may account for differences in winter temperatures. The model site was specified as nonpermafrost; maximum model frost depth was about 80 cm (from top of mo.ss) and final thaw was on about Day 230.
Organic layer water contents were compared to daily gravimetric water data collected by the Toronto group (Fig, 4) . They cut 16 cm X 16 cm turves into the organic layers. Adjacent turves were cut through the L, the L and F, and the L, F and H, Each turve was placed in a permeable net, removed for daily and sub-daily mass determination, and replaced. Measurements were made for about 30 days. moss (0-3 cm) and litter (3-5.6 cm) layers were averaged and compared with the field L layer (0-8 cm) as weight of water to weight of dry matter (Fig. 4a) . The model surface water content tracked the field data, but was slightly wetter. The deeper organic layers (model humus at 5.6-26.7 cm and field 'F at 8-13 cm and 'H' at 13-20 cm) all had fairly constant water contents over the measurement period (Fig. 4b) . The field data indicate that the 'F-layer' (8-13 cm) held much less water than the 'H-layer' (13-25 cm); the model had no corresponding dry band in the organic profile. Both field and model indicate that most of the soil water dynamics occurred in the surface organic layer, while the deeper organic layers and mineral soil {in the model) were generally much more constant.
Ecosystem carbon balance results
Soil dark respiration was compared to opaque, static chamber CO^ flux measurements (methodology described in Crill 1991) by the USGS group (Winston et al 1995) , the UNH group, and the McGill group. Total soil dark respiration was live root respiration plus heterotrophic respiration (litter/peat decay) plus live moss metabolic respiration. Field data were plotted as the average of all reported sites (UNH: n = 4; McGill: n « 6; USGS: n = 3-4). Summer season soil respiration observed by the UNH group was much higher than that observed by the McGill group. This was consistent with the much warmer soil temperatures observed at the UNH site (see Fig. 3 ), Model soil respiration during the warm months was generally consistent with the UNH observations and much higher than the McGill observations (Fig, 5) , despite the fact that model soil temperatures were closer to (but warmer than) the McGill observations. Day-to-day variability in the model soil respiration was almost entirely due to wetting and drying cycles in the moss influencing moss metabolic activity. The field sampling scheme may not have been frequent enough to capture this, or the model may have overestimated the variability. Soil respiration (through the snowpack) was non-zero throughout the winter (Fig. 5) ; model fluxes were higher than observed by the USGS group during the coldest months. Very high spatial variability was observed in spring-time soil respiration (Winston et al 1995) .
Net Ecosystem Exchange was compared to daily average eddy correlation net CO2 flux data (methodology described in Fan et al. 1995) . There was general agreement throughout the year (Fig. 6a,b) . The model captured the gradual ecosystem transition from carbon sink to carbon source in the autumn quite well; the spring transition from carbon source to sink appeared to be more rapid, but was not well captured in the field in 1994. During the warm season, the variability in NEE from day to day was generally synchronized between model and field data, but the magnitude of model variability was usually greater (Fig 6b) . The model exhibited very high net ecosystem respiration occasionally during the late summer and early fall (NEE > 1,5 g C m -); these were primarily due to high levels of moss respiration and near neutral carbon balance for the spruce. The model also had high rates of uptake in the early summer (NEE < -3 g C m"^), which occurred on days when both the spruce and the moss net carbon uptake were high. Autumn, early-and late-winter site respiration rates were generally well-captured by the model (there were no data collected at the tower in January and February of 1994) and played a significant role in the site carbon balance. However, model (and actual) NEE is the net result of many processes, and agreement in overall behaviour could mask model errors in individual components, just as disagreement in overall behaviour could mask correct simulation of certain components. A challenge to future j^roup. Soil respiration is non-zero throughout the year. In the model summer soil respiration is dominated by the live moss, with much of the modeled variability due to wetting and drying cycles in the live moss. Much higher fluxes for the UNH chambers an? probably due, at least in part, to significantly warmer soil temperatures at sites measured by UNH group than al sites measured by McGill group (see Fig, 3 ). field studies is to try to partition daily NEE into separate components.
Discussion of model validation
Soil respiration rates through the summer (snow-free) season (415 g C m"~) compared closely to those measured in 1980 and 1981 in an Alaskan black spruce/feathermoss forest (367-370 g C m"-) by Schlentner and Van Cleve (1985) , Soil dark respiration was the sum of fine root respiration, moss metabolic respiration, and heterotrophic respiration associated with litter decomposition. Measurements for a temperate deciduous forest partitioned soil respiration as roughly 33% live root respiration, 37% from aboveground litter, and 30% from belowground litter (Bowden et al. 1993) . Such measurements have not been done for sites with bryophyte ground cover, where the situation is very different. In these sites an overlying moss layer is metabolically active (exhaling COi), and also serves to insulate the litter, soil, and tree roots from warm summer temperatures {reducing decomposition and root respiration rates). For the NSA-OBS site, the model results suggested that during mid-summer moss metabolic respiration generally accounts for about 50-80% of tota! soil respiration, roots about 3-14%, and organic matter decomposition (heterotrophic respiration) about 10-40%. However, given that model temperatures were much lower than observed by the UNH group while soil respiration was comparable, and that summer soil respiration was dominated (in the model) by the live moss respiration, it is likely that moss respiration rates for a given temperature were probably too high in the model. During the warm season, CO2 production from decomposition in the litter layer was about twice that of the much thicker, older humus layer, while during the cold season their contributions were more equal, as the litter layer was colder than the humus layer. Only during February did model soil temperatures drop low enough (below -7^C) in the litter layer to stop decomposition. The dry second half of the summer caused several sharp drops in moss respiration, while the deeper litter and roots were subjected to less climatic variability. Root respiration rates (0.001-0.0014 g C g"' fine root C d"' during the summer (at model soil temperatures of 5-10°C) were comparable to rates measured for black spruce seedlings at 5°C and 15°C in laboratory experiments (Conlin & Lieffers 1993) , Both the black spruce and the feathennoss were most productive in the early part of the summer (Fig. 7a,b) . Spruce sapwood, root, and foliage respiration were all modeled as simple exponential functions of temperature, and thus al! respired even during the coldest months. Feathermoss photosynthesis and respiration were set to zero for moss temperatures below -1°C. Both spruce and moss oscillated rapidly between days of high and low productivity. For the spruce, low productivity days had basically no net exchange of carbon, while for the moss there was a net flux of carbon to the atmosphere on many days. The day-to-day variability for the spruce was primarily due to air temperature variability. For the moss, the days of positive NPP (carbon loss) during the summer corresponded to days of low illumination (often rainy days). This would help explain the spikiness of the moss NPP curve (Fig, 7b) , because immediately following a rain the moss was wet and conditions were more ideal for production than after an extended dry spell. Moss respiration began (at very low rates) about 10 days before final snowmelt; photosynthesis began two days before final snowmelt (when snow depth dropped to about 3 cm). Spnice had a gradual onset of photosynthesis beginning about 10 days before final snowmelt, when the litter layer thawed sufficiently to make soil water available to the roots. Both NPP curves show a seasonal asymmetry (rapid increase in uptake in early summer, slower decline in uptake in the fall) due in general to the peaking of light intensity early in the summer (relative to air and soil temperatures) and, in this particular year for the moss, to a dry August and September. Total respiration, on the other hand, was more symmetric and with a broad peak in mid-summer, tracking air and soil temperatures. The mode! simulation showed a net carbon uptake by the ecosystem of 51 g C m -, or 0.51 t C ha ', consistent with measured annual NEE. Black spruce NPP was 93 g C m -, with 51 g C m -assumed to be lost as above-and below-ground litter. Viereck et al (1983) report mean annual tree productivity for black spruce forests in central Alaska as about 55 g C m ~. Feathermoss NPP was 58 g C m ", comparable to 36-60 g C m"-observed in spruce/ moss forests in central Alaska (Oechel & Van Cleve 1986) and Scandinavia (Tamm 1953) , as well as estimates for feathermoss productivity in Quebec of 16-60 g C m" ( Weetman & Timmer 1967) . Total litter inputs to the soil were slightly larger than annual heterotrophic respiration, making the soil a slight carbon sink (8.8 g C m-^ or 0.088 t C ha~'), while spruce net growth was 42 g C m"^, or 0.42 t C ha'. This partitioning of NEE into spruce 50 100 150 200 250 300 350 day of year Moss photosynthesis and respiration rates were set to zero for moss temperatures below -1°C. Both spruce and especially moss had asymmetric productivity curves, with higher productivity in early summer, and low productivity in late summer.
growth and soil carbon accumulation depended on a fairly rough characterization of the carbon biomass and dynamics of the black spruce fine roots. Increasing the fine root turnover rate would reduce black spruce productivity, increase heterotrophic respiration somewhat (by increasing the fine root litter pool size), and increase the rate of carbon sequestration into the soil by increasing annual carbon inputs. The net effect would be a small reduction in overall NEE. Ecosystem respiration in winter plays a significant role in the NEE for a northem ecosystem (e.g. Winston et al 1995; Sommerfeld et al 1993; Wofsy et al 1993) , For the NSA-OBS simulahon, net carbon uptake during the snowfree season of 1994 (169 days) was 144 g C m"^, while ecosystem respiration during the 1994 snow-cover season (196 days) was 84 g C m"-, 58% of snow-free season uptake. Respiration occurred during every month of the year, indicating that year-round monitoring of the carbon exchange Is necessary even in northem ecosystems.
The daily time-step carbon balance model developed by Bonan (1991a) , applied to boreal forest ecosystems in interior Alaska, also displayed short-term variability in NEE, low levels (but non-zero) of ecosystem respiration throughout the winter, and an extremely abrupt onset of carbon uptake in the spring. Mid-summer carbon uptake rates simulated for black spruce stands were about three times higher than reported here.
Model sensitivity
A series of 120 model runs were carried out for the 1994 NSA-OBS simulation. In each case a single model parameter was raised or lowered (usually by 20%) from its NSA-OBS simulation value. Few if any of the parameters used were constrained to that degree by the limited published data available. Overall model sensitivity was evaluated by comparing simulated annual NEE for the adjusted parameter runs to the simulated annual NEE for the standard run (51.1 g C m"-^). Tables 1-3 and 5 contain a summary of the sensitivity results; values reported are the average magnitude change in total annual ecosystem NEE (as a percentage of the standard run) for the two sensitivity runs for each parameter Ecosystem NEE was quite sensitive to the initial carbon pool sizes of foliage, sapwood, fine roots, and the surface organic layer (moss plus peat) ( Table 1) . Increasing moss bulk density (Table 2) reduced moss productivity by causing a greater light extinction rate in the moss and thus effectively adding poorly illuminated, respiring live tissue. It also reduced heterotrophic respiration, probably because of reduced moss litter inputs into the decomposition pool. Because moss water contents were calculated on a per mass basis, increased bulk density increased moss water holding capacity, which dried out the deeper soil (1994 was a dry year) and thus reduced spruce productivity as well.
Some of the very high sensitivities observed were the result of ecosystem NEE being much less than gross ecosystem photosynthesis and gross ecosystem respiration. For example, a 20% increase in spruce maximum photosynthetic rate increased site NEE by about 66%, because site NEE was only about 16% of spruce gross photosynthesis for 1994 (the change in spruce NPP was 35%, again reflecting the fact that NPP is smaller than gross photosynthesis). Thus a change in the rate of photosynthesis produced a magnified change in site NEE. This effect points to a potential sensitivity of any ecosystem where the net carbon exchange is only a small fraction of the gross fluxes of carbon into and out of the ecosystem. Any change or disturbance that predominantly effects only one component of the carbon balance could have a large impact on overall ecosystem NEE, Ecosystem NEE was also quite sensitive to many of the parameters assodated with the respiration calculations; again annual NEE was only about half of annual hetero- Berg et ai 1993; Berg 1984 , Ivask et al 1991 Arthur & Fahey, 1992 Fogel, 1983 Heal et al. 1978 -Hogg et al 1992 Flanagan & Vcum 1974 Clein & Schimel 1995; Winston et al 1995 Hogg et al 1992 Reynolds & Knight, 1973 _ Reynolds & Knight, 1973 Reynolds & Knight. 1973 _ Reynolds & Knight, 1973 1, Parameters raised and lowered 20%. Value is average magnitude of change (%) in total ecosystem NEE for the two sensitivity runs.
trophic respiration and less than half of moss or spruce foliar respiration, so effects were magnified in these cases. However, because the organic and mineral soils are generally quite cool (often cooler than the base temperature used for the temperature dependency on decomposition), increasing Qm values had the effect of reducing respiration losses. A higher Qju causes respiration to rise more quickly above the base temperature, but it also causes respiration rates to drop more quickly below the base temperature. Moss productivity was very sensitive to parameters controlling both its light environment (moss bulk density and light extinction rates in the spruce and moss canopies) and its response to light (moss half-saturation constant).
Because the model calculated light extinction in the moss canopy and moss productivity at 10 levels of illumination down the canopy, mode! moss productivity was very sensitive to photosynthesis rates at low light. Changing the half-saturation illumination constant for the moss from 40 to 48 ^E PAR m"-s ' reduced moss productivity by over 50%. This is a crucial sensitivity that will require more field data to reduce model uncertainty.
Model application-interannual variability
The model was used to simulate NSA-OBS carbon balance for October 1967 through December 1989, using AES daily meteorological data (T^ax' Tmin' predpitation) 1965 1970 1975 1980 1985 1990 1995 from the Thompson Airport. PAR input values were generated with (2). Site initialization was identical to the 1994 run presented above. Results for each year were compared with 1994 model results to get an idea of how representative 1994 may have been (an important issue for a major field campaign), and also to begin to examine what factors most strongly influence interannual variability in carbon balance.
Weather variability
Long-term mean annual air temperahare for Thompson is about -3. 9°C. For 1968 9°C. For -1989 9°C. For and 1994 mean annual air temperature ranged from -0.6 ''C in 1987 to -4.7''C in 1982 (Fig. 8a) . For 1994, air temperature was cold in January and February, cool to normal for March through October, and warmer than normal in November and December. The timing of the annually accumulating, degree day minimum (i.e. the timing of the onset of spring thaw) varied considerably, from as early as Day 98 (1984) to as late as Day 139 (1983) . The timing of the degree day maximum (fall freeze) was less variable, ranging from Day 289 (1981 ( and 1982 ( ) to Day 310 (1983 . Long-term mean annual precipitation for Thompson is about 534 mm, with about 60% as rain; 1968-1989 precipitation ranged from 383 mm in 1981-692 mm in 1971 (Fig. 8b) . Precipitation in 1994 was abundant in February, March, and June, and quite low for July through October.
Carbon balance
Average, simulated black spruce NPP for the 1968-1989 and 1994 was 116 g C m"'' y"', with a range from 81 to 150 g C m"^ y"^ ( Fig. 8c) , Average feathermoss NPP for this period was 78 g C m"^ y"^ with a range from 19 to 114 g C m"^ y"' (Fig. 8d) . Interannual variability in productivity in the feathermoss was similar in timing but greater in relative magnitude to that for the black spruce. For both, 1994 productivity was slightly below the 1968-89 mean. High productivity years were characterized by early spring (1977 and 1987), cool summer (1985) , and, for mosses, abundant summer precipitation (1976, 1980 and 1985) . Low productivity years (1981, 1983 and 1986 for spruce; 1970 and 1983 for moss) were characterized by late springs (in 1983 model snowmelt was three weeks later than any other year) and infrequent and belowaverage precipitation (1981) . In 1970, an early heavy snowfall buried the moss before it could freeze, so it had significant respiration losses in the fall (75% of summer NPP), Moss productivity was near normal in 1981 despite low precipitation. The model simulated high moss productivity rates in May and June of 1981 following snowmelt, and because there were a number of small storms during June that would have been sufficient to wet the moss.
Average heterotrophic respiration for the 1968-89 and 1994 was 113 g C m"^ y"^ and all years were within about 20% of this value (Fig. 8e) . This relatively low interannual variability was due to two factors. First, by model design spruce litter inputs were identical each year (independent of plant productivity); moss litter fall varied from year to year (based on moss productivity). Thus fresh litter input variability was probably underestimated. Secondly, decomposition occurred in the litter, humus, and upper mineral soil layers, where it was buffered from the weather variability by the overlying moss. The lowest value for heterotrophic respiration was 89 g C m~^ y*"^ in 1979, one of the cooler years of the period; heterotrophic day of year respiration in 1994 (100 g C m ^) was also below average, probably because of fairly cool temperatures and a dry second half of the year. Soil carbon accumulation is the net effect of litterfall and heterotrophic respiration. The 1968-89 and 1994 average was 13 g C m^, with high variability and several years showing a net loss of carbon from the soil (Fig. 8f) , This result was very dependent on a simple (and poorly constrained) representation of black spruce fine root dynamics. The simulated net annual carbon uptake by the black spruce/feathermoss forest ranged from -37 g C m"-(loss of 0.37 t C ha') to 142 g C m'^ (1.42 t C ha"'); 1994 NEE (51 g C m"^ ) was below the 1968-1989 mean of 82 g C m"~ (Fig. 8g) . Lowest NEE years combined low productivity with high heterotrophic respiration. High NEE correlated with high plant productivity.
Discussion of interannual variability
The ranges of simulated values for black spruce and moss productivity are in accord with measurements in 50 0 300 350 Fig. 9 Simulated, accumulating ecosystem net ecosystem carbon exchange (NEE) for years with (a) early and (b) l3te springs (defined as air tempcraturf greater than zero for most of the subsequent days). Years with 'early' springs all had greater carbon uptake than 1994; years with 'late' springs were more variable, but averaged a lower NEE than 1994, Other climatic factors play a role in interannual variability oi NEE (see text for a more complete discussion).
Alaska (e.g. Van Cleve et al 1983; Viereck et al. 1983; Oechel & Van Cleve 1986) and Canada (Weetman & Timmer 1967; DeAngelis et al 1981) . Interannual variability in the model was driven primarily by variability in weather from one year to the next. In a nine year simulation (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) of 23 boreal forest stands near Fairbanks, AK (9 black spruce, 5 white spnice, 3 poplar, 2 birch, 2 aspen, and 2 mixed conifer), using a similar model also driven by observed daily weather, Bonan (1992) reported a trend in the seasonal amplitude of CO2 flux (amplitude equals maximum daily NEE minus minimum daily NEE simulated each year), but little interannual variability in tree NPP, moss NPP, or ecosystem NEE. These results were reported as averages of the 23 ecosystems and may have masked interannual variability at a single site. Lieth (1975) developed regressions relating mean annual biotemperature (sum of all daily air temperatures greater than 0°C divided by 365) and total annual predpitation to NEE across a range of terrestrial ecosystems.
with productivity tending to increase with each factor, Dai & Fung (1993) extended this model to look at interannual variability in NEE driven by interannual variability in mean annual temperature and total annual precipitation. Kojima (1994) also used Lieth's productivity algorithms to evaluate the potential impact of climate warming on productivity in boreal ecosystems. In the simulations reported here, however, this simple relationship of higher NEE with higher biotemperature and/or precipitation did not hold true. For example, the least productive year (1983) had an above-normal annual biotemperature and slightly above-normal annual precipitation. It also had an extremely late spring, and a fairly dry May and June. A closer look at the weather patterns through the year (e.g. timing of snowmelt and snowfall, frequency and timing of summer storms, summer heat waves) was required to explain interannual variability.
One factor that appeared to play a strong role in influencing interannual variability of the spruce/moss forest NEE was the timing of spring. Because both the moss and spruce are evergreen, they can begin photosynthesis as soon as conditions are favorable. Spring comes late in the northem boreal forest, so that, by the time the snow has melted, light levels are high and the air is usually warming rapidly. The simulated onset of moss respiration and net positive photosynthesis indicated a variability of as much as 5 weeks in the onset of physiological spring, and the most (least) productive years tend to be those with the earliest (latest) transition to net carbon uptake (Fig, 9) . For the moss the controlling factor appeared to be loss of snow cover, for the spruce it was the closely linked factor of the thawing of the soil and availability of water. This is likely to be a major factor in any impact of climate change, and may also account for much of the interarmual variability that would be observed in multi-year studies.
Conclusions
The impact of weather/climate variability on the carbon balance of a spruce/moss boreal forest was investigated with a new daily time-step model of litter decomposition and tree and moss photosynthesis and respiration. The model simulated carbon balance compared well with preliminary data collected in the 1994 BOREAS campaign in northem Manitoba, and with other reported values. Model analyses showed the spruce/moss ecosystem to be a carbon sink, with a strength of 51,1 g C m"-in 1994. Winter respiration fluxes were significant, with a simulated flux of 83.6 g C m"^ to the atmosphere while the ground was snow-covered (1 November to 15 May), Simulated NEE for 1968 through 1989 averaged -82 g C m-(uptake of 0.82 t C ha"' y"^), with a range of -1-37 and -142 g C m"". Moss and spruce NPP generally varied together, both tending to be high in years with early springs and relatively wet summers, and both low in years with late springs and relatively dry summers. Heterotrophic respiration was more constant in all years simulated (mean = 113 g C m"-^). The sensitivity of ecosy.stem productivity to the timing of spring occurred both because of the high light levels present by mid-late spring (early May potential irradiance equals mid-August potential irradiance), and because of generally abundant water soon after snowmelt. The timing of fall snow and freeze up appeared to have much less impact on productivity, although an early, deep snow in 1970 may have enhanced autumn respiration. If spring thaw tends to get earlier in the year due to any climatic change, it is likely that either these ecosystems will become more productive or enhanced spring productivity will offset at least some productivity losses that may be caused by other changes. Sustained higher productivity would depend on sufficient nutrient availability, which has not been addressed in this modeling study. Changes or variability in annual climatological variables such as annual biotemperature and total annual precipitation are not likely to be effective indicators of the change or variability in the boreal spruce/moss ecosystem's carbon balance.
